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D iabetic retinopathy is monitored and managed based on detection of retinal microangiopathy. The pathogenesis of diabetic microvascular histopathology involves retinal oxidative stress. 1, 2 Recent evidence points to dysfunctional rod photoreceptor cells as a primary source of this oxidative stress. 1, [3] [4] [5] [6] Although the nature of the rod dysfunction is not entirely understood, it likely involves dysregulation of photoreceptor ion channels. 5, [7] [8] [9] [10] [11] For example, rod cell calcium channels, which are normally open in the dark, are paradoxically closed in dark adapted diabetic mice as measured by manganeseenhanced MRI (MEMRI), the imaging modality of choice for studying retinal L-type calcium channel regulation in vivo. 3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In an initial study, diabetic mice treated with a single intraperitoneal (i.p.) injection of 11-cis-retinaldehyde, which is normally produced by the visual cycle, caused the paradoxically closed calcium channels in rod cells to partially open (3) . These data, together with evidence from the published reports, suggest the hypothesis that diabetes impairs the visual cycle activity. 14, [23] [24] [25] [26] [27] However, subsequent studies have not found any evidence for a visual cycle defect in diabetic mice. 28 Thus, the mechanism by which 11-cis-retinaldehyde exerts its beneficial action in the diabetic mouse retina is still unclear.
In diabetic mice, classical antioxidant approaches that prevent vascular histopathology also prevent the earlier abnormal ionic regulation in the retina, including in the rods as measured by MEMRI and apparent diffusion coefficient magnetic resonance imaging (ADC MRI). 5, 11, [29] [30] [31] Thus, we wondered if, as previously suggested by data in ex vivo assays, [32] [33] [34] [35] retinaldehydes might be acting as antioxidants in diabetic mouse retina. If so, this could explain the beneficial impact of systemic retinaldehydes on improving dysfunctional rods in diabetes in vivo. 5, 11, [29] [30] [31] The present study had three goals: (1) to confirm the correction of photoreceptor dysfunction using alternative (i.e., non-MEMRI) methods with 11-cis-retinaldehyde in diabetic mice; (2) to test for beneficial effects of 11-cis-retinaldehyde or 9-cis-retinaldehyde (a chromophore surrogate) on impaired cone-based visual performance of diabetic mice as measured by photopic optokinetic tracking (OKT) ( 36-40 ; and (3) to test the hypothesis that exogenous retinaldehydes correct retinal oxidative stress in diabetic mice.
METHODS
This study was performed in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research, and with authorization of the Institutional Animal and Care Use Committee at Wayne State University. Animals were housed and maintained in normal, 12L:12D light-dark cycle laboratory lighting, unless otherwise noted. All efforts were made to minimize suffering within the context of the diabetic protocol at all other times, including sub-therapeutic insulin to maintain weight and hydration treatment as needed (see details below).
Experimental Groups
At 2 months of age, 20-g male C57Bl/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) were randomly divided into the following groups and were studied after 2 months of diabetes (or age-matched): (1) a non-diabetic control group (wild type [wt]); (2) a diabetic group (D); (3) a Dþ11-cisretinaldehyde group (Dþ11-cis); and (4) a Dþ9-cis-retinaldehyde (Dþ9-cis); note that the ADC MRI data for groups i and ii were previously published (29) . Retinaldehydes were delivered systemically. A subset of age-matched non-diabetic controls and diabetic mice were studied by electrophysiological examination (see below). In addition, in the following groups, rod-dominated retinal superoxide production was evaluated (see below): (1) a non-D control group (untreated and vehicle treated), (2) a D group; (3) a Dþ11-cisretinaldehyde group(Dþ11-cis); (4) a Dþ9-cis-retinaldehyde (Dþ9-cis) group; and (5) a Dþall-trans-retinaldehyde (Dþalltrans) group.
In all cases, diabetes was similarly induced and maintained in mice. Mice with a starting weight of 16 to 20 g were injected with streptozotocin (60 mg/kg; 10 mM citrate buffer [pH 4.5]) i.p., within 10 minutes of preparation, once a day for 5 consecutive days. Body weight and blood glucose levels were monitored twice weekly. Insulin (neutral protamine Hagedorn; Humulin N; Eli Lilly, Indianapolis, IN, USA), was administered to mice as needed based on body weight and blood glucose levels but not more than twice weekly; mice were allowed slow weight gain while maintaining hyperglycemia (blood glucose levels higher than 400 mg/dL). Mice that lost weight and/or had blood glucose levels greater than 600 mg/dL were given 0.1 to 0.2 units of insulin. Normal rodent chow (11.2% fat, 26% protein, and 62.7% carbohydrate; Purina Test Diet 5001; Richmond, IN, USA) and water were provided ad libitum. Glycated hemoglobin (A1c) was measured from blood collected after each experiment. 6, 29 Blood was drawn from the left ventricle, after puncture, into a capillary tube and stored in an Eppendorf tube with a small amount of heparin to prevent coagulation. The blood was kept at 48C until analysis within 1 week following the experiment.
Treatments 11-cis-Retinaldehyde. Overnight dark-adapted diabetic mice were acutely treated with 11-cis-retinaldehyde (approximately 25 mg/kg mouse), obtained through NEI (https://www.nei.nih.gov/funding/11_cis_retinal.asp). The 11-cis-retinaldehyde was constituted in a 10% ethanol and phosphate buffered saline and BSA solution and administered as a 0.01 mL/g bolus intraperitoneal under dim red light 30 min before ADC MRI, OKT, and oxidative stress exams (see below). 23 9-cis-Retinaldehyde. 9-cis-Retinaldehyde is effective with sustained delivery according to the study by Tang et al. 41 Under dim red light, 20 mg/kg 9-cis retinaldehyde (Toronto Research Chemicals, ON, Canada) was dissolved in 20 lL of 100% ethanol and combined with 180 lL of Matrigel (vehicle; catalog number 356234, BD Bioscience, MA, USA) at 48C, as previously described. 41 In some mouse groups, vehicle with or without retinaldehyde was injected subcutaneously into the dorsal torso region several days prior to examination. Mice were then exposed to cyclic light for 2 days before being transferred to a dark room for 4 days per mouse. 41 OKT or oxidative stress measurements were performed (strict 30-min examination per mouse, see below for details) on the fourth day.
All-trans Retinaldehyde. All-trans retinaldehyde (Toronto Research Chemicals) was prepared, administered, and evaluated using the 9-cis-retinaldehyde procedure above.
OKT Examination. Two visual performance metrics were evaluated in awake and freely moving mice: spatial frequency thresholds (SFT; ''acuity,'' in cycles/degree [c/d]) and contrast sensitivity (CS; measured at the peak of the nominal curve [0.064 c/d], inverse Michelson contrast [unitless]) using the optokinetic tracking reflex (unitless; OptoMotry; Cerebral Mechanics Inc., Alberta, Canada). 42 Briefly, a vertical sine wave grating was projected as a virtual cylinder in threedimensional coordinate space on computer monitors arranged in a quadrangle around a testing arena. Unrestrained mice (after an overnight dark adaptation) were placed on an elevated platform at the center of the arena. An experimenter used a video image of the arena from above to view the animal and follow the position of its head with the aid of a computer mouse and a crosshair superimposed on the frame. The X-Y positional coordinates of the crosshair centered the hub of the virtual cylinder, enabling its wall to be maintained at a constant ''distance'' from the animal's eyes and thereby to fix the spatial frequency (SF) of the stimulus at the animal's viewing position. When the cylinder was rotated in a clockwise or counter clockwise direction, and the animal followed with head and neck movements that tracked the rotation, it was judged that the animal's visual system could distinguish the grating. Clockwise and counter-clockwise tracking provides a measure of left and right eye SFT and CS. 42 One set of SFT and CS measurements can reliably be obtained in 30 minutes.
Superoxide Production
In separate groups of mice, superoxide levels were measured chemically with lucigenin (bis-N-methylacridinium nitrate), as reported previously. [43] [44] [45] [46] [47] Each arm consisted of control, diabetic, and treated diabetic group evaluated on the same day.
Transretinal Recordings
On the day of the experiment, dark-adapted mice were killed by CO 2 asphyxiation, the retina was removed from the eyecup under infrared illumination, and a piece of it was mounted on filter paper with the photoreceptor side up on the recording chamber with an electrode connected to the bottom of the perfusion chamber. A second electrode was placed just above the center of the retina piece. The sample was perfused with Locke's solution containing 112.5 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl 2 , 1.2 mM CaCl 2 , 10 mM HEPES, pH 7.2, 20 mM NaHCO 3 , 3mM Na succinate, 0.5 mM Na glutamate, 0.02 mM EDTA, and 10 mM glucose. In addition, the solution was supplemented with 4 mM DL-aspartate and 10 mM DL-AP-4 to block higher-order components of the photoresponse 48 and with minimum essential vitamins and minimum essential amino acid solutions (Sigma-Aldrich Corp., St. Louis, MO, USA) to improve retina viability. The perfusion solution was continuously bubbled with a 95% O 2 /5% CO 2 mixture and heated to 36-378C. The electrode solution (140 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl 2 , 1.2 mM CaCl 2 , 3 mM HEPES, 10 mM glucose, pH 7.4) in the lower electrode also contained 4 mM DL-aspartate and, in addition, 10 mM BaCl 2 to suppress the glial component of the photoresponse. 49 Light stimulation was applied using 20-ms test flashes from a calibrated 505-nm light-emitting diode. Photo responses were amplified by a differential amplifier (DP-311; Warner Instruments, Hamden, CT, USA), low-pass filtered at 30 Hz (8-pole Bessel), digitized at 1 kHz, and stored in a computer file for further analysis. Half-saturating light intensity (I 1/2 ) was calculated from the intensityresponse relationship as the test flash intensity required to produce a response with an amplitude equal to half of the corresponding saturated response amplitude. Data were analyzed using Clampfit version 10.2 (Molecular Devices, LLC, Sunnyvale CA, USA) and Origin 8.1 software (OriginLab Corp., Northampton, MA, USA).
MRI Procedures
The general mouse preparation for high resolution MRI is well established in our laboratory. 29 Briefly, all animals were maintained in darkness for at least 16 hours before and during the dark phase of MRI examination. High-resolution anatomical and ADC data were acquired on a 7-T system (ClinScan; Bruker, Ewing Twp., NJ, USA), using a receive-only surface coil (1.0-cm diameter) centered on the left eye. The end of a fiber optic bundle was attached to a light source (Mark II Light Source; Prescott, Inc., Monument, CO, USA) placed caudal to the eye, projecting at a white screen~1 cm from the eye, similar to that previously described. 53 We exposed the eye to 0 (i.e., dark) or~500 lux (confirmed outside the magnet by using a traceable dual-range light meter (Control Company, Friendswood, TX, USA) placed against a 1cm-diameter aperture; measured this way, room lighting is 300 lux). Aside from the fiber optic light source, all lights in the MRI room were turned off. In all groups, immediately before the MRI experiment, animals were anesthetized with urethane (36% solution intraperitoneally; 0.083 mL/20 g animal weight, prepared fresh daily; Sigma-Aldrich Corp.) and treated topically with 1% atropine to ensure dilation of the pupil during light exposure followed by 2% lidocaine to minimize responses that could lead to artifact-inducing eye motion. Anatomical and ADC (parallel to the optic nerve, the most sensitive direction for detecting changes at the location of the SRS 50 ) MRI data sets were collected, first in the dark and then again 15 minutes after turning on the light. Because each ADC data set takes 10 minutes to collect, we refer to the mid-point in the ADC collection as 20 minutes of light exposure. Anatomical images were acquired using a spin-echo sequence (slice thickness of 600 lm, TR 1000 ms, TE 11 ms, matrix size 192 3 320, field of view 8 3 8 mm 2 , NA 2). ADC data were collected using a modified diffusion-weighted spinecho sequence (TR 1000 ms; slice thickness of 600 lm; TE, 33 ms; matrix size, 174 3 288; field of view, 8 3 8 mm 2 ; b ¼ 0, 100, 250, 500, 600, 750, or 990 s/mm 2 collected in pseudorandom order; NA 1 per b value. 53 Images were registered and analyzed (using in-house code) to generate ADC profiles from the central retina as previously described. 53 Raw MEMRI data do not allow ready visualization of cells within layers, as is possible with optical coherence tomography. Instead, layer locations are inferred based on the retinas well-defined laminar structure, clear anatomical landmarks like the vitreous-retina border, and highly localized functional changes within the retina. Thus, at the present resolution, we previously demonstrated that MRI can distinguish rod inner segment from outer segment based on the light-evoked expansion of the subretinal space in mice and rats, as well as, for example, (1) inner from outer retina manganese uptake as a function of light, (2) DIL-induced suppression of only inner retinal manganese uptake, and (3) the outer nuclear layer-only tetrameric visual arrestin 1 and its reduction via light-evoked translocation. 28, 29, 50, 51 These examples strongly support our claim that the resolution of MRI is sufficient for extracting meaningful layer-specific functional data in vivo. In all cases, animals were humanely euthanized as detailed in our IACUCapproved protocol.
Data Analysis
In each animal that underwent MRI examination, we confirmed that the eyelid positions were sufficiently open based the anatomical MRI data; if eyelid position was such that it impeded the light path, only the dark data from that animal was used. 52 All eight images for each animal per lighting condition were registered (rigid body). We have previously demonstrated that a simplified estimate of ADC, as the slope describing progressive losses in (log-transformed) signal intensity at progressively higher diffusion weightings (b-values), is sufficient for observing dark / light changes in the SRS layer. 52 Thus, in this study, we calculated ADC as previously described. 52 In all cases, the same central retinal regions of interest (6 0.4-1 mm from the optic nerve head) were analyzed; thickness and ADC values from the superior and inferior retina were respectively averaged. ADC profiles in dark and light in each mouse were spatially normalized to retinal thickness values in the dark, as justified elsewhere. 29 
Statistical Analysis
Transretinal, OKT, and superoxide production data were consistent with those of a normal distribution and were compared using one-way ANOVA with post hoc 2-tailed t-test analyses. Due to insufficiently opened eyelids, we could not always collect both dark and light data from all animals. Also, the dark baseline ADC data was averaged from all wt groups regardless of subsequent light exposure. Comparison of ADC profile data between groups was performed using unpaired ttests at different locations of the intra-retinal profiles. In addition, a generalized estimating equation (GEE) approach was also used to compare selected location ranges, identified from the t-tests as significant. 16, 53 The GEE method performs a general linear regression analysis using contiguous locations in each subject and accounts for the within-subject correlation between contiguous locations. In all cases, P 0.05 was 
RESULTS

Model Characteristics
Compared with age-matched controls, the body weights of the untreated diabetics were 0.61-to 0.83-fold lower across groups, and the % glycated hemoglobin concentrations of diabetes mice were 1.8-to 2.6-fold higher across groups; for the treated diabetics, body weights were 0.62-to 0.78-fold lower across groups, and the percentages of glycated hemoglobin were 1.8-to 2.65-fold greater across groups.
Body weights were not collected for the control, diabetic, and diabetic þ 11-cis-retinaldehyde mice study by OKT or by electrophysiology. Also, the % of glycated hemoglobin for the diabetic þ 11-cis-retinaldehyde mice studied by electrophysiology was not measured; however those retinas were randomly selected from a group of diabetic mice whose untreated arm had % glycated hemoglobin that was 2.1 fold greater than controls so we feel it is reasonable to assume that the treated arm had a similar level of % glycated hemoglobin.
11-cis-Retinaldehyde Treatment
Transretinal Recording. Transretinal recordings revealed that the maximal rod response is reduced in diabetic retinas 
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IOVS j October 2015 j Vol. 56 j No. 11 j 6297 compared to controls (Fig. 1, top ; Table) . This reduction in voltage response was fully reversed by acute application of exogenous 11-cis-retinaldehyde (Fig. 1, bottom ; Table) . ADC MRI. ADC values in the SRS layer in dark and light conditions from non-diabetic, diabetic, or diabetic treated with 11-cis-retinaldehyde were compared. Diabetic mice demonstrated a lack of light-stimulated change in ADC at 88 to 100% depth (compare Figs. 2A, 2B) (29) ; we do not know yet how to interpret the significant changes in ADC outside of the SRS volume. Notably, a single injection of 11-cisretinaldehyde to diabetic mice largely restored the lightdependent expansion in the SRS layer to normal levels (Fig.  2C) .
OKT. Behavioral tests demonstrated that diabetic mice have significantly reduced photopic SFT (Fig. 3A) and CS (Fig. 3B) . A single injection of 11-cis-retinaldehyde corrected the CS defect ( Figure 3A) but not the reduced SFT (Fig. 3B) .
Superoxide Production. As expected, in freshly isolated retina, diabetes significantly increased (P < 0.0001) retinal content of superoxide, which is mostly generated by R max , maximum response measured from bright saturating test flashes. I 1/2 , half-saturation light intensity estimated from intensity response data as the test flash intensity required to produce a response with an amplitude equal to half the corresponding saturated response amplitude. I 1/2 was not significantly different across the three experimental groups.
* Values are means 6 SEM. † P < 0.05 compared to rods from control mice. ‡ P < 0.05 compared to rods from diabetic mice. rod cells (Fig. 3C ). Diabetic mice treated with a single systemic injection of 11-cis-retinaldehyde had a significant reduction (P < 0.0005) in this oxidative stress. However, a significant difference (P < 0.03) in superoxide production still remained between non-diabetic and treated diabetic groups (Fig. 3C ).
All-trans-Retinaldehyde Treatment
We also asked whether all-trans-retinaldehyde, the photoisomerization product of 11-cis-retinaldehyde in the retina, 54 might also reduce retinal superoxide production in diabetic mice. Compared with the production of superoxide in the retina of control mice (12.3 6 1.8 units/mg protein, mean 60.95*confidence interval), that in diabetic mice was again found to be supernormal (24.1 6 2.6 units/mg protein, P < 0.0001) and was fully corrected (P < 0.0001) following treatment with all-trans-retinaldehyde (15.0 6 3.4 units/mg protein).
9-cis-Retinaldehyde Treatment
OKT. 9-cis-Retinaldehyde treatment corrected the diabetesinduced defects in SFT ( Fig. 4A ) and CS (Fig. 4B) . In control and diabetic mice, the presence or absence of Matrigel did not alter these findings (SFT without matrigel: 0. Superoxide Production. Diabetic mice treated with 9-cisretinaldehyde also demonstrated a significant correction (P < 0.0001) of the diabetes-induced increase in superoxide production ( Fig. 4C ). However, the retinaldehyde treatment of the diabetic mice did not restore completely their level of superoxide production back to non-diabetic levels (P < 0.003) ( Fig. 4C ).
DISCUSSION
In this study, we used transretinal recording, ADC MRI, and OKT to evaluate rod-and cone-based visual performance dysfunction in diabetic mice, and its correction with 11-cis-or 9-cis-retinaldehyde. Retinaldehyde treatments likewise inhibited retinal production of superoxide in diabetes. Because previous studies indicated that classical antioxidants improved diabetes-induced defects in retinal function, we infer that the antioxidant properties of retinaldehyde treatment were likely responsible for correction of diabetes-impaired photoreceptor dysfunction.
The most common method for evaluating rod photoreceptor function in vivo is the electroretinogram (ERG), which measures an integrated panretinal signal. While ERG can be useful to evaluate the impact of an antioxidant on diabetesinduced rod dysfunction, ERG provide no spatial resolution. [55] [56] [57] [58] [59] Multifocal ERG can distinguish electrical responses from different regions panretinally but suffers from extensive light scattering in small rodent eyes. 60, 61 To address these problems, a new approach has been developed (and used herein) that examines responses from a small piece of retina ex vivo (i.e., transretinal recordings). 62 In addition, two other non-ERG methods have been developed that can specifically evaluate with high panretinal and transretinal (i.e., across the retina) spatial resolution rod dysfunction in diabetic mice in vivo: MEMRI and ADC MRI. 3, 4, 29 MEMRI is the imaging modality of choice for mapping central retinal L-type calcium channel activity in rods and ADC MRI maps light-evoked subretinal space expansion, an event controlled in part by rod phototransduction and in part by retinal pigment epithelium. 29, [63] [64] [65] [66] [67] [68] Classical antioxidant approaches, such as administration of exogenous a-lipoic acid or overexpression of copper/ zinc superoxide dismutase, also effectively correct diabetesinduced rod dysfunction as measured by MEMRI or ADC MRI. 3,4.29 Collectively, the results from transretinal recordings ( Fig. 1) , MEMRI, 3 and ADC MRI (Fig. 2 ) demonstrate that rod dysfunction in diabetes is corrected by acute 11-cis-retinaldehyde treatment.
Less is known about the impact of antioxidants on diabetesinduced cone dysfunction. Diabetes clearly reduces conebased vision as measured by photopic OKT (Aung MH, et al. IOVS 2011;52:ARVO E-Abstract 5960). 36, 37, 69 Further variety of treatments correct the diabetes-dependent OKT impairment, although the impact of classical antioxidants has not been studied. 69 Here, retinaldehyde treatment was found to largely correct diabetes-suppressed cone-based vision. The beneficial OKT outcomes following retinaldehyde treatment is likely due to their antioxidant properties but more work is needed to clarify this possibility.
In an assay using ascorbic acid-induced lipid peroxidation in rat brain mitochondria, retinaldehyde (isoform not specified) was a more potent antioxidant than catalase and vitamin E, among others. 35 In other studies, vitamin A and retinoids were found to exhibit concentration-dependent anti or pro-oxidant effects. [32] [33] [34] [35] [70] [71] [72] [73] Thus, it is not universally accepted that all retinaldehydes induce oxidative stress in all conditions. One possible explanation for these disparate findings is that retinaldehydes act in a hermetic fashion as antioxidants in low concentrations and pro-oxidants at higher levels. In any event, based on the literature it was unclear if retinaldehydes would have antioxidant properties in the present context of the retina and diabetes. 4, 5, 29, 74 Our data present undisputable evidence that retinoids administered systemically lower the level of retinal oxidative stress and correct three assays of rod function (transretinal recordings, MEMRI, and ADC), an unlikely scenario if all-trans is toxic in our diabetic model. 6 These results may seem surprising given other evidence that strong light in non-diabetic models increased levels of alltrans-retinaldehyde, which presumably activated NADPH oxidase, thus killing the photoreceptor. 73 However, in a separate study, we did not find that diabetes altered all-transretinaldehyde levels compared to that in age-matched nondiabetic mice. 75 Also little or no photoreceptor death has been reported in the diabetic mouse model. 6 Diabetes does, however, result in activation of retinal NADPH oxidase because apocynin can correct the diabetes-induced lesions. 1, 6 Thus, diabetes causes oxidative stress independent of all-transretinaldehyde. In a separate study, we reported that another systemically administered retinoid, retinylamide, also had antioxidant activity in diabetic mice. 75 More work is needed to determine whether exogenous retinoids are acting directly or via downstream metabolites to reduce oxidative stress in the diabetic mouse. However, given the agreement in the various experimental conditions used herein, it does not appear that the mode of administration (acute versus prolonged; injection versus matrigel) or vehicle content were important variables modulating the results. In summary, the benefits of exogenously administered retinaldehydes on electrophysiological, MRI, and OKT examinations are consistent with their antioxidant properties in the diabetic mouse.
